INTRODUCTION
Understanding -and importantly, predicting -phenotypic evolution requires knowledge of the factors that affect the translation of mutation into phenotypic variation -the raw material of adaptive evolution. While much is know about mutation rate (e.g., DRAKE et al. 1998; HUDSON et al. 2002) , knowledge of the processes affecting the translation of DNA sequence variation into phenotypic variation is minimal.
Advances in knowledge on at least two fronts suggest that progress in understanding the rules governing the generation of phenotypic variation is possible (STERN and ORGOGOZO 2009 ). The first stems from increased awareness of the genetic architecture underlying specific adaptive phenotypes and recognition of the fact that the capacity for evolutionary change is likely to be constrained by this architecture (HANSEN 2006; SCHLICHTING and MURREN 2004) . The second is the growing number of reports of parallel evolution (e.g., ALLENDER et al. 2003; BANTINAKI et al. 2007; BOUGHMAN et al. 2005; COLOSIMO et al. 2004; FFRENCH-CONSTANT et al. 1998; KRONFORST et al. 2006; MCGREGOR et al. 2007; OSTROWSKI et al. 2008; PIGEON et al. 1997; SHINDO et al. 2005; WOODS et al. 2006; ZHANG 2006; ZHONG et al. 2004 ) -the independent evolution of similar or identical features in two or more lineages -which suggests the possibility that evolution may follow a limited number of pathways (SCHLUTER 1996) . Indeed, giving substance to this idea are studies that show that mutations underlying parallel phenotypic evolution are non-randomly distributed and typically clustered in homologous genes (STERN and ORGOGOZO 2008) .
While the non-random distribution of mutations during parallel genetic evolution may reflect constraints due to genetic architecture, some have argued that the primary cause is strong selection (e.g., WICHMAN et al. 1999; WOODS et al. 2006) . Necessary for progress is a means of disentangling the roles of population processes (selection) from genetic architecture (BRAKEFIELD 2006; MAYNARD SMITH et al. 1985) ; also necessary is insight into precisely how genetic architecture might bias the production of mutations presented to selection.
Despite their relative simplicity microbial populations offer opportunities to advance knowledge. The wrinkly spreader morphotype is one of many different niche specialist genotypes that emerge when experimental populations of Pseudomonas fluorescens are propagated in spatially structured microcosms (RAINEY and TRAVISANO 1998) . Previous studies defined, via gene inactivation, the essential phenotypic and genetic traits that define a single wrinkly spreader (WS) genotype known as LSWS (SPIERS et al. 2003; SPIERS et al. 2002) (Figure 1 ). LSWS differs from the ancestral SM genotype by a single non-synonymous nucleotide change in wspF. Functionally (see Figure 2 ), WspF is a methyl esterase and negative regulator of the WspR di-guanylate cyclase (DGC) (GOYMER et al. 2006 ) responsible for the biosynthesis of c-di-GMP (MALONE et al. 2007 ) -the allosteric activator of cellulose synthesis enzymes (ROSS et al. 1987) . The net effect of the wspF mutation is to promote physiological changes that lead to the formation of a microbial mat at the air-liquid interface of static broth microcosms .
To determine whether spontaneous mutations in wspF are a common cause of the WS phenotype the nucleotide sequence of this gene was obtained from a collection of 26 spontaneously-arising WS genotypes (WS A-Z ) obtained from 26 independent adaptive radiations each founded by the same ancestral SM genotype ( Figure 1 ): 13 contained mutations in wspF (Table 1) (BANTINAKI et al. 2007) . Realization of the existence of additional mutational pathways to WS provided the initial motivation for this study.
Here we define and characterize two new mutational routes (Aws and Mws) that together with the Wsp pathway account for the evolution of 26 spontaneously generated WS genotypes. Each pathway offers approximately equal opportunity for WS evolution; nonetheless additional -less readily realized -genetic routes producing WS genotypes with equivalent fitness effects exist. Together our data shows that regulatory pathways with specific functionalities and interactions bias the molecular variation presented to selection.
MATERIALS AND METHODS

Bacterial strains, growth conditions and manipulation:
The ancestral (wild-type) "smooth" (SM) strain is P. fluorescens SBW25 and was isolated from the leaf of a sugar beet plant grown at the University Farm, Wytham, Oxford, in 1989 (RAINEY and BAILEY 1996) . The ancestral strain was immediately stored at -80 o C to minimize adaptation to the laboratory environment. The niche-specialist wrinkly spreader (LSWS) genotype (PBR663 (previously PR1200)) was derived from the ancestral genotype following three days of selection in a spatially structured microcosm (SPIERS et al. 2002) . 26 independent WS (WS A -WS Z ) were derived from the ancestral SM genotype following 5 days of selection (a single WS type was isolated from each of 26 independent microcosms) (BANTINAKI et al. 2007) . LSWS lacZ (PBR741) was generated by mobilizing mini-Tn7-lacZ from Escherichia coli (CHOI et al. 2005) .
P. fluorescens strains were grown in lysogeny-broth (LB) (BERTANI 1951) or King's Medium B (KB) (KING et al. 1954) Antibiotics and supplements were used at the following concentrations: ampicillin 100 μ g ml -1 , cycloserine 8 μ g ml -1 , gentamycin 10 μ g ml -1 , kanamycin 100 μ g ml -1 , spectinomycin 100 μ g ml -1 and tetracyline 12 μ g ml -1 . X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was added at a concentration of 40
furfurylidene]-1-arminutesohydantoin (NF) was used to counter select E. coli (100 μ g ml -1 in agar plates). Plasmid DNA was introduced to E. coli by transformation and P.
fluorescens by conjugation, following standard procedures. The helper plasmid pRK2013 was used to facilitate transfer between E. coli and P. fluorescens (FIGURSKI and HELINSKI 1979) .
Molecular biology techniques:
Standard molecular biology techniques were used throughout (SAMBROOK et al. 1989) . Gateway technology (Invitrogen) -vectors pCR8 and pCR2.1 -were used to clone PCR fragments. The fidelity of all cloned fragments was checked by DNA sequencing. Oligonucleotide primers for allelic replacements and reconstructions were designed based on the SBW25 genome sequence (SILBY et al. 2009 ).
Construction of deletion mutants and allelic replacements:
A two-step allelic exchange strategy was used as described previously (BANTINAKI et al. 2007; RAINEY 1999) . For the generation of deletion mutants, oligonucleotide primers were used to amplify ~1,000 nucleotide regions flanking the gene(s) of interest. A third PCR reaction was used to SOE flanking sequences together (HORTON et al. 1989) . The product was cloned into pCR8 (and sequenced to check for errors); the resulting fragment was excised using BglII and introduced into the suicide vector pUIC3 (RAINEY 1999) . Deletion constructs were mobilized into P. fluorescens by conjugation and allowed to recombine with the chromosome by homologous recombination. Recombinants from which pUIC3 had been lost were identified from LB agar plates after a brief period of non-selective growth in KB broth. To generate allelic replacements, PCR fragments (~3 kb) centered upon the allele of interest were cloned as above, introduced into pUIC3 and the replacement made by recombination. Deletion and allelic exchange mutants were confirmed by PCR; allelic exchange mutants were further checked by DNA sequencing. As the suppressor study progressed (see Results) it became clear that genes encoding di-guanylate cyclases (DGCs) were of primary interest and yet mutations were commonly (and expectedly) found in the wss locus (~35 % of insertions). A simple PCR screen was developed to identify these mutants. Each mutant was therefore subjected to a PCR reaction that included a primer specific to the transposon and reading in the outward direction plus a set of 13 wss-specific primers spaced ~800 bp (available on request).
Mutants from which a PCR fragment was detected were deemed to carry a transposon in the wss operon and these mutants were not further characterized.
Fitness of genotypes:
Competitive fitness of WS genotypes was determined by direct competition between each WS genotype and LSWS lacZ (PBR947): the ancestral broth colonizing genotype was included to ensure occupancy of the broth phase (BANTINAKI et al. 2007 ). All strains were grown overnight in shaken KB broth before introduction into spatially structured microcosms (~10 5 cells of each competitor) at a ratio of 1:1:1. Relative fitness was calculated as the ratio of Malthusian parameters of the WS strains being compared (LENSKI et al. 1991) .
RESULTS
In previous studies two complementary experimental approaches were used to identify the spectrum of spontaneous mutations causing the WS phenotype ( Figure 1 ).
The first approach involved detailed genetic analysis of a singled, defined, spontaneously-generated WS genotype in order to identify the 'genes that matter', elucidate their function, and ultimately identify the causal mutation (BANTINAKI et al. 2007; GOYMER et al. 2006; SPIERS et al. 2002) . The second approach -possible only after identification of the causal mutation -was to survey a population of independently acquired, spontaneously-generated WS genotypes for mutations at the locus of interest (BANTINAKI et al. 2007) . Previous work focused on the WS genotype termed LSWS (PBR663) of which the mutational cause was found to reside in wspF. Survey of the nucleotide sequence of wspF from 26 independently acquired spontaneous WS genotypes showed that just half harbored mutations in wspF (BANTINAKI et al. 2007) . Here, in order to define the unknown mutational routes to WS the strategy outlined in Figure 1 was repeated, but with each repetition initiated by an ancestral genotype lacking the genes encoding the previously identified mutational path.
Comprehensive suppressor analysis of LSWS:
The strategy devised for identification of wsp-independent mutation routes involved: (1) (BANTINAKI et al. 2007; GOYMER et al. 2006; SPIERS et al. 2002) ).
The initial suppressor analysis of LSWS reported in Spiers et al (2002) was performed prior to the availability of the SBW25 genome sequence; dependence on cloning, mapping and cosmid libraries resulted in a limited set of defined WS mutants (8,000 mutants were screened; 27 unique WS negative mutants were identified and the nature of genetic defect was determined in 11 instances) (SPIERS et al. 2002) . In order to exploit the comparative suppressor strategy the suppressor analysis of LSWS was extended using ISphoA/hah-Tc (BAILEY and MANOIL 2002) . A total of 113,000
transposon mutants were screened for loss of the wrinkled colony morphology (assuming a Poison distribution and a genome containing 6,700 genes, the probability of a gene not being inactivated by a transposon given the screening of 113,000 mutants is less than All loci previously identified (SPIERS et al. 2002) Aws: a wsp-independent mutational route to WS: To identify the first wspindependent mutational route to WS the entire wsp operon was deleted from the genome of the ancestral SM genotype ( Figure 1 ). This SM Δ wspABCDEFR genotype (PBR693) was phenotypically indistinguishable from the ancestral genotype. When propagated in a spatially structured microcosm a characteristic WS mat was observed within five days at which point the microcosm was destructively harvested and samples plated on KB agar.
Morphological diversity was no different to the previously described five day adaptive radiation of the ancestral genotype (RAINEY and TRAVISANO 1998). The three major morph classes were all present, but WS genotypes were the dominant type: a single WS genotype, designated alternate wrinkly spreader (AWS (PBR210)), was selected for suppressor analysis using ISphoA/hah-Tc as described for LSWS.
Approximately 95,000 colonies were screened for loss of the wrinkled morphology: insertions were identified in wss (35 %), 34 were found in wsw (18 %) and 13 in wsm (7 %), but also two unique loci. The first was the muc locus comprising genes pflu1467 -pflu1471 (algU mucABD) and containing transposon insertions (two each) in mucA and mucD. The second locus was defined by 11 insertions in a 2 kb region spanning pflu5211 (two insertions) and pflu5210 (nine insertions).
Comparison to DNA and protein sequence databases showed that these two genes (and a third CDS, pflu5209), are conserved across Pseudomonas and other protobacteria, but have no known function. Together the genes form a putative operon termed aws (pflu5211 awsX, plfu5210 awsR and pflu5209 awsO) ( Figure 3 ).
Mutations in the muc locus of P. aeruginosa have been implicated in expression of the mucoid colony type and while of some considerable interest (see Discussion) our initial attention focused on the aws locus because of the presence within this cluster of a di-guanylate cyclase.
Predicted proteins of the Aws locus:
AwsX is 171 amino acids in length; with the exception of a proteolytic cleavage site between residues 31 and 32 (suggesting that AwsX is periplasmic) the protein has no defining motifs or database matches. AwsR is 420 amino acids in length and contains two trans-membrane domains at the N-terminus Armed with knowledge of a mutation in awsX, the DNA sequence of this locus was determined in the 13 independent WS genotypes lacking mutations in wspF (BANTINAKI et al. 2007 ) -see Figure 1 . In three of these genotypes: WS S , WS T and WS V mutations were found in awsX. WS T contains an in-frame deletion (33 nucleotides) spanning residues 229 -261 and flanked by a six nucleotide repeat (ACCCAG). As in AWS, the deletion in WS T removed the intervening nucleotides leaving one copy of the repeated sequence. WS S and WS V both contain single nucleotide polymorphisms (a transition and transversion, respectively): see Table 1 .
To determine whether the awsX mutations are alone sufficient to cause the WS phenotype, both the AWS and WS T mutations were reconstructed in the ancestral genetic background by allelic exchange. Three independent exchanges were made for each allele and in each instance the resulting phenotype was WS.
AwsX is a negative regulator:
Previous studies showed that the proximate cause of the LSWS phenotype is over-activation of the WspR DGC (BANTINAKI et al. 2007; GOYMER et al. 2006) . The fact that the Aws locus also includes a putative DGC (AwsR) suggested the possibility that over-activation of AwsR might cause the WS phenotype.
While there are no clues in the amino acid sequence of AwsR to indicate the means by which activation of the DGC domain might occur, the fact that mutations in awsX cause the WS phenotype suggested that AwsX might suppress the activity of AwsR. However, the fact that all awsX mutations are in-frame (and in two cases are deletions between
repeats) left open the possibility that AwsX might be a positive activator -the activated state being realized upon specific in-frame deletions (some support for a positive regulatory role of AwsX came from an earlier study (GEHRIG 2005) ).
To test directly the hypothesis that AwsX is a negative regulator the complete awsX reading frame was deleted from the ancestral SM genotype. Constructing such a mutant in which the awsR open reading frame was fused to the ATG-start codon of awsX (replacing awsX) proved impossible. However, deletion of awsX was achieved when the translational coupling between awsX and awsR evident in the genome sequence of the ancestral genotype was incorporated into the design of the deletion construct. SM Δ awsX (PBR717) was phenotypically WS and produced copious calcofluor-staining material (the cellulosic product of the wss operon). This demonstrates that AwsX is a negative regulator. That AwsX is the likely negative regulator of AwsR -and not some other DGC -is strongly suggested by both the genetic organization of the locus, but also by the exhaustive suppressor analysis of AWS in which the only DGC involved in expression of the wrinkled phenotype was AwsR. Drawing upon the distinctive parallels with LSWS (where the negative regulator WspF controls the activation of WspR) we suggest that the proximate cause of AWC is over-production of the acetylated cellulose synthesizing wss operon via the synthesis of c-di-GMP as a consequence of the constitutive activation of AwsR ( Figure 2 ).
MWS: a wsp-and aws-independent route to WS: While identification of the aws mutational route to WS reduced the number of unknown WS-causing mutations among the 26 independent WS genotypes, the existence of WS genotypes with no mutations in either wspF or awsX raised the possibility of still further pathways. To identify these, the strategy established above (Figure 1 ) was repeated using transposon IS-Ω-kan/hah (GIDDENS et al. 2007 ). This time the starting genotype was the ancestral SM genotype from which both the wsp and aws loci had been cleanly deleted: SM Δ wspABCDEFR
PBR712 is phenotypically indistinguishable to the ancestral SM genotype and diversified when propagated in a static broth microcosm in a manner fully in accord with the ancestor. When a sample from a 5 day-old microcosm was diluted and plated on KB WS genotypes were evident. One WS colony was selected for further study and named MWS (Mike's wrinkly spreader: PBR714). Suppressor mutations of MWS that reverted the colony phenotype to smooth were sought as above. negatively regulates the DGC activity of the GGDEF domain. Moreover, the fact that this and the allelic exchange mutants (mwsR G3247A and T2183C) produce cellulosic material indicates that the net effect of the over-active DGC domain is once again overproduction of acetylated cellulose due to the over production of c-di-GMP.
Fitness of AWS and MWS:
In all cases replacement of the wild type allele by each mutant allele (in the ancestral genetic background) resulted in colony morphology and mat forming ability indistinguishable from that of the original WS mutant. In order to assess the fitness consequences of these mutations, the fitness of mutants generated by allelic exchange was determined relative to a reference WS (the LSWS genotype) and compared with the fitness of the original mutants (again relative to LSWS containing a lacZ marker (PBR741)). These fitness assays included the ancestral SM genotype whose superior growth in the broth phase insures that differences between the competing WS strains is due to competitive ability at the air-liquid interface (BANTINAKI et al. 2007) . In all cases the fitness of the reconstructed mutant was indistinguishable from the fitness of the original mutant indicating that the mutation identified in each derived genotype accounts fully for both phenotypic and fitness differences between ancestral and derived types. The spectrum of fitness effects is shown in Figure 4 and the caption includes the results of the statistical analyses.
The relative contribution of wsp, aws and mws to the evolution of WS variation:
By the fifth day of propagation WS genotypes were detected in spatially structured microcosms founded by the ancestral genotype from which the wsp operon had been deleted (SM Δ wsp); within the same time period WS genotypes also arose from the ancestral genotype from which both wsp and aws were deleted (SM Δ wsp Δ aws ). To systematically investigate the contribution of each locus (wsp, aws, and mws) to the production of WS variation a set of deletion mutants was generated in which all possible single, double and triple locus mutants were constructed (SM Δ wsp (PBR693), SM Δ aws
; replicated assays in KB broth showed no differences in growth dynamics among genotypes (see supplementary data)). Each genotype was inoculated into a series of independent broth-filled microcosms (~5 x 10 6 cells per microcosm) and one microcosm from each series was destructively harvested on a daily basis through the course of nine days (each assay was replicated three-fold). Cells were diluted, plated, and following 48 h growth on KB agar, the phenotype of 500 colonies from each microcosm was checked for the presence of WS genotypes. With the exception of microcosms founded with the triple deletion genotype (PBR716) WS genotypes were detected in each and every two-day old microcosm: WS genotypes were detected in microcosms founded by PBR716 at day five. WS P also carries a defect in awsR, but the mutation is caused by a nine nucleotide (inframe) insertion (GCCACCGAA) after position 222 (details are given in Table 1 ; see also Figure 3 ). Repeated sequencing of wsp from WS X revealed no mutation in any component of this locus, even though this locus is firmly implicated by the results of the suppressor analysis. The sequence of mwsR and awsXRO was also wild type for WS X .
SWS: a wsp-aws-and mws-independent route to WS:
DISCUSSION
Systematic change in the genetic structure of populations is brought about by the action of natural selection. But the opportunity for selection to act is dependent upon the presence of adaptive phenotypic variation. The rate at which changes in nucleotide sequence arise (mutation rate) has received (e.g., DRAKE et al. 1998; HUDSON et al. 2002) -and continues to receive (e.g., LIND and ANDERSSON 2008) -considerable attention, but poorly understood are the processes that connect variation in nucleotide sequence with phenotypic variation (WAGNER and ALTENBERG 1996) -the raw material for adaptive evolution. Despite important theoretical advances (reviewed in RICE (2008)), knowledge of the rate (per generation, per locus) at which DNA sequence change (mutation) translates into phenotypic variation is scant. Nonetheless, there is no doubt that the value of such knowledge -a measure of an organism's capacity for evolutionwould be considerable (HANSEN 2006) .
In this study we have defined in some detail two new loci (aws and mws) within which mutation can generate the WS phenotype; these loci, along with the previously uncovered wsp locus, comprise three approximately equally achievable single-step mutational routes to the adaptive WS phenotype. The three pathways are remarkably different to one another, but share two features in common: each contains a gene that encodes a protein with putative -although proven for wspR -di-guanylate cyclase activity (wspR, awsR and mwsR); in each case the protein is subject to negative regulation (Figure 2 ). That these pathways do comprise the primary routes by which WS variation arises during the course of the model Pseudomonas radiation is strongly supported by the fact that 25 of 26 WS genotypes from independent radiations harbor mutations in one of the three identified loci (Table 1) . WS X , the one WS genotype with no mutation in wsp, aws or mws nonetheless requires a functional Wsp pathway for expression of the phenotype indicating that the causal mutation in WS X is accessory to -but part of -the Wsp regulatory pathway.
Based on previously published genetic and biochemical evidence (in the case of wsp (GOYMER et al. 2006; MALONE et al. 2007 unclear, however studies in P. aeruginosa show that AlgU is an alternate sigma factor (σ 22 ) (YU et al. 1995) , MucB an antisigma factor (of AlgU), and MucC a negative regulator (of alginate biosynthesis) . In the ancestral genotype of P.
fluorescens SBW25 it was previously shown that AlgR is a positive activator, and AmrZ (AlgZ) a negative regulator, of wss transcription (GIDDENS et al. 2007 ), so the discovery of genes that in P. aeruginosa are linked with alginate regulation does not necessarily imply the involvement of alginate in the WS phenotype. Nonetheless, the regulatory nature of this locus and its specific involvement in expression of the wrinkled morphology of AWS points to further complexity and a network of overlaping regulatory connections -all fertile material for the evolution of phenotypic innovation (LANDRY et al. 2007) .
Parallel molecular evolution is influenced by genetic architecture: Discovery that the WS phenotype is repeatedly generated by mutations in a small number of loci provides a further example of parallel molecular (and phenotypic) evolution: for example, 13 of the 26 independent WS genotypes have mutations in wspF (WS N is identical to LSWS), three are in wspE, three are in awsX, four are in mwsR and two have mutations in awsR (awsO was the only singleton). Some have argued that such striking parallelism is evidence of selection (e.g., WICHMAN et al. 1999; WOODS et al. 2006) ; indeed, measurements of the fitness effects of specific mutations following allelic replacements in the ancestral background support this claim. However, our data shows that genetic architecture -a consequence of specific interactions and functionalities within the wsp, aws and mws regulatory modules -bias the spectrum of WS-generating mutations upon which natural selection acts.
Clearest evidence of this bias comes from the fact that the ancestral genotype devoid of wsp, aws and mws (SM Δ wsp Δ aws Δ mws (PBR716)), can generate WS variation via mutations that activate previously un-encountered DGCs (in this instance SwsR). This demonstrates that wsp, aws, and mws are not the only mutational routes to WS and yet the mutational causes of the 26 independent WS genotypes are confined to wsp, aws, and mws. A clue to the cause of this bias comes from the fact that in experimental adaptive radiations WS genotypes arising from PBR716 take 3 days longer to reach detectable frequencies compared to WS genotypes arising from the ancestor (or the ancestral genotype devoid of any one or two (but not three) of wsp, aws, or mws). Given that the fitness of WS generated from PBR716 (SWS) is equivalent to LSWS, AWS and MWS, and assuming the mutation rate underlying all possible WS-generating mutations is not different to the background spontaneous mutation rate (there is no indication of mutable loci among the spectrum of mutations in Table 1 ), then the most likely explanation for the bias stems from some feature of the genetic architecture underlying the wsp, aws and mws pathways that affects the rate at which spontaneous mutations in these loci are translated into WS variation. If this rate is greatest in wsp, aws and mws then selection will only rarely see WS variation caused by mutation in other loci. Parallel genetic evolution therefore, in this instance, is in part a product of the genetic constraints that bias the production of WS variation.
Just why the other mutational routes to WS are less readily achievable given that the ancestral genome would appear to offer numerous potential routes for WS evolution is not clear. It is possible that some, such as swsR (the proximate cause of the SWS genotype), require very specific mutations to generate WS, others may require two mutations, while some GDCs may be non-functional; others, although readily activated, may be unable to interact with the cellulose synthases encoded by Wss and thus be unable to deliver c-di-GMP to the cellulose synthases and related structural components at the appropriate time.
Further and more detailed evidence of bias in the production of WS variation exists within the wsp, aws and mws pathways, although is most pronounced within wsp. The wsp operon is comprised of seven genes, all, in principle, capable of acquiring mutations leading to constitutive activation of the WspR DGC (Figure 3) . GOYMER et al. (2006) , for example, showed that it was possible, through in vitro manipulation, to generate constitutively active WspR alleles; it is easy to imagine mutations in WspA (the methylaccepting chemotaxis protein) that might mimic the ligand-bound state, and BANTINAKI et al. (2007) showed that over activation of the WspC methyl transferase results in over activation of WspR. However, despite the existence of seven genetic targets -and thus a large potential mutational target size -mutations causing WS were found in just wspF and wspE, with the majority (13/26) being in wspF (Figure 3) . Assuming that the mutation rate is constant across the seven-gene operon, then the conclusion that each gene differs in its capacity to translate mutation into WS variation must hold. As we have previously argued (BANTINAKI et al. 2007) , this can be explained (and was previously predicted) in terms of the function and regulatory connections among components of the Wsp pathway. WspF is a negative regulator, which when inactivated by mutation (or has its activity reduced) results in activation of WspR (BANTINAKI et al. 2007 ). This fact, combined with knowledge that most mutations result in a loss of function, explains why most wsp-generated WS arise from mutations in wspF: wspF, on account of its function and role in the Wsp signalling pathway, has a high propensity to translate DNA sequence change into WS phenotypic variation.
Arguments with regard to the capacity of wspF to translate mutation into WS variation can be equally applied to awsX and the EAL domain of the protein encoded by mwsR, which negatively regulate the activity of the AwsR DGC and the DGC domain of MwsR, respectively. In fact it is highly likely that negative regulation of DGC activitya feature of all three pathways -explains the prevalence of WS-causing mutations in these pathways.
Mutational target size:
Mutational target size is an important factor governing the evolution of phenotypic variation. A trait with a complex functional architecture is likely to be influenced by many loci and thus by definition affords a large mutational target (HANSEN 2006; HOULE 1998) . While in general terms this makes sense, our work shows that the concept can be refined given a more detailed understanding of the specific connections between genotype and phenotype.
Based firstly on the results of the comprehensive suppressor studies (for example of LSWS) we concluded that the WS phenotype is underpinned by a complex architecture of ~100 genes, however further analysis has allowed a distinction to be drawn between direct structural determinants of the WS phenotype (e.g., the cellulose-encoding wss operon and related adhesive factors (SPIERS et al. 2003; SPIERS et al. 2002; SPIERS and RAINEY 2005) , determinants such as cell shape (SPIERS et al. 2002) and various cell wall modifying genes (as shown in this study) that provide a necessary scaffold for correct production of adhesive factors, and genes that define regulatory modules within which mutations generating WS arise (BANTINAKI et al. 2007) . It is this last set of genes that But genetic target size as refined above is not sufficient to account for the full spectrum of mutations observed here. In particular it does not explain the relatively large number of mutations in wspF relative to awsX: wspF and awsX are both negative regulators; awsX is approximately half the size of wspF; mutation in wspF was the cause of WS on 13 occasions, whereas mutation in awsX caused WS in just three instanceshalf the number expected. To some extent this might reflect the small sample size, but it is likely that there are additional constraints operating on awsX (and mwsR). While it is understood that loss of function mutations are more common than gain of function mutations (KIMURA 1968) it is surprising to find that ~25% of the causal WS mutations (six out of 26) are predicted to be of this kind. The three mutations within the WspE kinase, and the two within the AwsR DGC cannot -given their phenotypic effects -be loss of function mutations. In both cases these mutations must activate the WspE kinase and AwsR DGC, respectively. The mutation in the putative outer membrane component AwsO most likely mimics the active state of the transporter leading to release of repression of AwsR by AwsX. Strictly speaking however these activating mutations might be more appropriately considered a special case of loss of function mutation, because the activity of the regulator is no longer inducible. Either way, the prevalence of these mutations is worthy of note and raises questions concerning the relative importance of both kinds of mutations -and opportunity for their occurrence -in phenotypic evolution.
Conclusion:
The complexities of genetic architecture determine extant phenotypes, but such architectures also underpin the capacity of lineages to generate new genetic and phenotypic variation. Statistical population genetics has traditionally studied the evolution of phenotypes by averaging gene interactions (FISHER 1930) and in so doing has treated the complex network of connectivities that link genotype and phenotype as 'noise'. While the power of quantitative genetics is undisputed, the complexities arising from the genotype-phenotype map do have evolutionary implications that need to be understood (HANSEN 2006; SCHLICHTING and MURREN 2004) . Indeed, as we have shown here, parallel genetic evolution of the WS phenotype is driven by selection, but the mutations available to selection are a biased subset of all possible WS-generating mutations: we suggest that this subset is comprised of mutations in loci that, on account of specific interactions and functionalities, translate mutation into adaptive phenotypic variation at the highest rates.
Unequivocal experimental demonstration of the existence of such constraints, combined with insight into their mechanistic bases and consequences, confirms that developmental biases do indeed -along with natural selection -affect the course of phenotypic evolution (BRAKEFIELD 2006; GOULD 2002; MAYNARD SMITH et al. 1985; SCHLUTER 1996 (SPIERS et al. 2002) . Genetic and functional analysis of these candidate genes (e.g., GOYMER et al. 2006 ) led eventually to the identity of the spontaneous mutation (in wspF) responsible for the evolution of LSWS from the ancestral SM genotype (BANTINAKI et al. 2007) . Subsequent analysis of wspF sequence among 26 independent WS genotypes (bottom) showed that 50% harbored spontaneous mutations (of different kinds -see Table 1 ) in this gene. Failure to account for the mutational origin of all 26 independent WS genotypes by changes in wspF indicated the existence of non-wsp mutational routes to WS. To identify such routes the wsp operon from the ancestral genotype was deleted (top left hand) and this genotype selected in a static broth microcosm. After 5 d populations were sampled and checked for the presence of genotypes that had converged upon the WS phenotype. Such WS genotypes were detected and one -termed AWS -was subjected to detailed genetic analysis (this study).
Upon identification of the causal mutation -in awsX -the population of independent WS genotypes (bottom) was again surveyed to see whether any harbored mutations at this locus. A further iteration -resulting in identification of mwsR -was necessary in order to account for the mutational origin of all 26 spontaneously arising WS genotypes (see text). Specific details of the mutations are in Table 1 . Note: the work described here began by extending the previously performed suppressor analysis of LSWS in order to (SPIERS et al. 2002) ensure a data set sufficient for the following comparative analysis (see text). Table 1 ). The mutational basis for the activation of SwsR is unknown. 
